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The JNK Cascade as a Biochemical Switch
in Mammalian Cells: Ultrasensitive
and All-or-None Responses
restricted the diffusion of the components is, and how
active the components are as enzymes.
We have begun exploring the systems-level proper-
ties of the JNK cascade. We initially examined JNK re-
sponses in Xenopus oocytes [18], cells whose size (1
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oocytes were examined and all-or-none when individual
oocytes were examined [3]. In addition, the JNK re-
JNK proteins are ubiquitously expressed, evolution-
sponse to transient stimuli persisted for hours after the
arily conserved MAP kinases that are involved in stress
stimuli were terminated, suggesting that the JNK cas-
responses [1, 2]. Recently, it was shown that the JNK
cade possessed some sort of biochemical memory ofcascade in Xenopus oocytes exhibits sustained, all-
the stimulus [3]. Cytoplasmic transfer experiments sug-or-none responses to graded, transient stimuli [3].
gested that the all-or-none, irreversible character of theHere, we have examined the character of the JNK
JNK response could be attributed to a positive feedbackcascade’s response in mammalian cells. The steady-
loop and that JNK was part of a “digital” bistable signal-state responses of JNK to sorbitol and anisomycin
ing system in this cell type [3].were found to be highly ultrasensitive in HeLa cells,
The oocyte’s size is advantageous for single cell bio-HEK 293 cells, and Jurkat T cells. The JNK responses
chemical studies; however, it is possible that such awere also reversible, not sustained, as was the case
large cell has adopted unusual strategies to ensure thatin oocytes. Jurkat cells activated their JNK in response
it behaves as a single unit, and bistability could be oneto phorbol myristate acetate (PMA), and the response
such strategy. Accordingly, here we examine JNK re-of the entire population of Jurkat cells was graded.
sponses in more typically sized somatic cells. WeHowever, analysis of subpopulations of the PMA-
treated three mammalian cell lines, including HeLa cells,treated Jurkat cells revealed that the steady-state re-
HEK 293 cells, and Jurkat T cells, with one of threesponses of both JNK and CD69, a T cell surface activa-
stimuli, anisomycin, sorbitol, or PMA, and monitored thetion marker, were essentially all-or-none in character.
JNK activity as a function of time. Sorbitol and aniso-These studies show that the JNK cascade commonly
mycin caused JNK activity to begin to rise after a shortexhibits switch-like responses to a variety of stimuli.
(5 min) lag time, to plateau within 40 min, and remain
high through at least 60 min (Figures 1A and 1B). PMA
Results and Discussion caused JNK activation in Jurkat cells (Figure 1C), but
not HeLa or HEK 293 cells (data not shown), which is
As is true of other signaling cascades, JNK cascades in good agreement with previous reports [19, 20]. Next,
have the potential to not only relay signals, but also we examined the reversibility of JNK activation in these
process them. A cascade can, in principle, amplify the cells, since the response of JNK to transient stimuli in
magnitude of a signal or the cooperativity or ultrasensi- Xenopus oocytes is persistent and such persistence can
tivity of a response [4–9]. Through sensitivity amplifica- be an indicator that the underlying signaling system is
tion, a linear cascade can produce a response ap- bistable [3]. We chose the cell-impermeant JNK activa-
proaching a step function, and indeed such responses tor sorbitol as the stimulus because of the ease with
have been found experimentally [10]. A cascade embed- which it can be washed away. In all three cell lines, JNK
ded in a negative feedback loop can manifest adaptation activation proved to be fully reversible, returning to basal
and desensitization [7, 11, 12] or, if the cascade is long levels with a half-time of just under 1 hr (Figure 1A).
enough and the feedback strong enough, oscillations In all three cell lines, the steady-state (t  60 min)
[13, 14]. Cascades embedded in positive feedback loops responses of JNK to sorbitol (Figure 2) and anisomycin
can exhibit bistable responses, toggling between alter- (Figure 3) were found to be ultrasensitive, with Hill coeffi-
native stable steady states without being able to rest in cients as high as 9 or 10. These findings imply that either
intermediate states [15–17]. Whether any particular JNK
the “receptors” that sense hyperosmolarity and protein
cascade produces any of these types of systems-level
synthesis inhibition generate cooperative or ultrasensi-
behavior depends upon how the cascade is wired, how
tive responses, or the JNK cascade processes graded
abundant the cascade’s components are, how free or
receptor responses into more switch-like outputs. The
response of JNK to PMA in Jurkat cells was graded
rather than ultrasensitive (Figure 4A); JNK activity in-*Correspondence: james.ferrell@stanford.edu
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Figure 1. Time Course of JNK Activation in
HeLa, HEK 293, and Jurkat Cells Treated with
Various Stimuli
(A–C) Cells were incubated with (A) 500 mM
sorbitol, (B) 100 nM (HEK 293 cells, Jurkat
cells) or 5000 nM (HeLa cells) anisomycin, or
(C) 10 nM PMA for the times indicated. HEK
293 cells and HeLa cells were lysed on the
plates, and Jurkat T cells were spun down
and then lysed. Lysates were subjected to
JNK kinase assays using GST-Jun as a sub-
strate. Kinase reactions were separated on
12.5% polyacrylamide gels and were trans-
ferred to PVDF membranes, and the amount
of 32P incorporated in GST-Jun was quantified
by PhosphorImager. Data are shown as mean
JNK activities; the error bars denote ranges
for two experiments.
creased approximately linearly with PMA concentration them based on CD69 expression, and assess the JNK
activities in each of the pools of sorted cells. If the JNKand was maximal by 1 nM PMA.
If individual cells vary with respect to the concentra- responses were graded at the single cell level, both the
CD69 and CD69 cells would be expected to exhibittion of an agent required to bring about half-maximal
JNK activation, then the overall response of a pool of intermediate levels of JNK activity (Figure 4B). If the JNK
responses were all-or-none but were uncorrelated withthose cells will be more graded than the responses of
the individual cells [21]. Therefore, the ultrasensitive re- the expression of CD69, again we would expect that
even separated pools of CD69 or CD69 cells wouldsponses seen in pools of sorbitol- and anisomycin-
treated cells must correspond to individual cell re- exhibit intermediate levels of JNK activity (Figure 4C).
However, if the JNK responses were all-or-none andsponses that are at least as switch-like as the pooled
responses, and even the graded response seen in Jurkat correlated with CD69 expression, then the CD69 cells
should exhibit JNK activities as high as those of cellscells treated with PMA could correspond to ultrasensi-
tive or all-or-none responses at the individual cell level. stimulated with a maximal concentration of PMA (10
nM), and the CD69 cells should exhibit JNK activitiesAccordingly, we set out to determine how graded or
switch-like the individual cells’ responses were. as low as those of untreated cells (Figure 4D). Note that
this does not require that JNK activation be directlyWe focused on the Jurkat cells’ responses because
these cells are particularly suitable for flow cytometry, upstream of CD69 expression (or vice versa), but rather
that the two endpoints faithfully cosegregate.a potentially powerful individual cell approach. However,
we were unable to obtain reliable quantitative JNK acti- Jurkat cells were incubated with either no PMA, an
intermediate concentration of PMA (0.5 nM), or a highvation data by phospho-JNK staining and flow cytome-
try. We also tried immunostaining adherent HeLa cells concentration of PMA (10 nM), and CD69 expression
was assessed by flow cytometry. As shown in Figureand HEK 293 cells with phospho-JNK antibodies and
assessing the staining by epifluorescence microscopy 4G (top row, left panel), cells incubated with no PMA
exhibited a single peak of low CD69 cell surface fluores-but were again unable to obtain reliable quantitative
data. cence. Cells incubated with 10 nM PMA showed a100-
fold average increase in CD69 fluorescence, and, again,We therefore chose to focus on one particular stimu-
lus, PMA, which not only causes Jurkat cells to activate the distribution of fluorescence intensities was unimodal
(Figure 4G, top row, right panel). Cells incubated withtheir JNK, but also causes them to express the CD69
cell surface marker. The idea was to incubate Jurkat 0.5 nM PMA showed two peaks of CD69 fluorescence,
corresponding to the levels of fluorescence seen in thecells with an intermediate concentration of PMA, sort
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Figure 3. Steady-State JNK Activation in Three Cell Lines Treated
Figure 2. Steady-State JNK Activation in Three Cell Lines Treated with Anisomycin
with Hyperosmolar Sorbitol
(A–C) Cells were stimulated with anisomycin for 1 hr, then lysed.
(A–C) Cells were stimulated with the indicated sorbitol concentra- Lysates were subjected to JNK kinase assays using GST-Jun as a
tions until they reached an apparent steady state (1 hr). HEK 293 substrate. Kinase reactions were separated on 12.5% polyacryl-
cells and HeLa cells were lysed on the plates, and Jurkat T cells amide gels and were transferred to PVDF membranes, and the
were spun down and then lysed. Lysates were subjected to JNK amount of 32P incorporated in GST-Jun was quantified by Phos-
kinase assays using GST-Jun as a substrate. Kinase reactions were phorImaging. Shown are the mean JNK activities (in arbitrary units)
separated on 12.5% polyacrylamide gels and were transferred to SD for three experiments.
PVDF membranes, and the amount of 32P incorporated in GST-Jun
was quantified by PhosphorImager. Shown are the mean JNK activi-
ties (in arbitrary units)  SD for three experiments. or it could represent a temporally abrupt transition at
the single cell level with substantial cell-to-cell variability
in the times at which the transition occurred. To distin-
guish between these possibilities, we examined the dis-untreated cells and the 10 nM PMA-treated cells, re-
spectively, with little overlap between the two peaks tribution of CD69 fluorescence by cytometry. As shown
in Figure 4F, there was a shift of cells from the CD69(Figure 4G, top row, center panel). Therefore, the cells’
PMA-induced CD69 expression appeared to be essen- peak to the CD69 peak, with few cells falling between
the two peaks (Figure 4F). This means that the time ittially all-or-none in character.
We next examined the time course of CD69 expres- takes to go from CD69 to CD69, for any individual
cell, must be fast compared to the sampling interval (30sion in PMA-treated Jurkat cells. CD69 expression be-
gan to increase within 2 hr of PMA treatment and min) of the experiment. Thus, both the time course and
the steady-state level of CD69 response were highlyreached a maximum by 3 hr (Figure 4E). This aggregate
response could represent a lag followed by the gradual switch-like at the level of the individual Jurkat cell.
Next, we assessed whether CD69 and CD69 Jurkattransition of all of the cells from CD69 to CD69 status,
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Figure 4. JNK Activation and CD69 Expression in Jurkat T Cells Treated with PMA
(A) Steady-state JNK activity in PMA-treated cells. Jurkat T cells were stimulated with the indicated PMA concentrations for 3 hr. Lysates
were subjected to JNK kinase assays using GST-Jun as a substrate. Kinase reactions were separated on 12.5% polyacrylamide gels and
were transferred to PVDF membranes, and the amount of 32P incorporated in GST-Jun was quantified by PhosphorImaging. Shown are the
mean JNK activities (in arbitrary units)  SD for three experiments.
(B–D) Models for how an intermediate JNK response might arise. (B) At an intermediate concentration of PMA, if the responses of individual
cells are graded, then both the CD69 and CD69 cells should exhibit intermediate levels of JNK activity. (C) If the responses of individual
cells are all-or-none but uncorrelated with CD69, then both the CD69 and CD69 cells should still exhibit intermediate levels of JNK activity.
(D) If the responses of individual cells are all-or-none and are perfectly correlated with CD69, then the CD69 cells should exhibit maximal
JNK activities, and the CD69 cells should exhibit basal JNK activities.
(E) Time course of CD69 expression in PMA-treated Jurkat cells. Cells were treated with 10 nM PMA for the lengths of time indicated and
were subjected to flow cytometry. CD69 expression was taken as from the mean fluorescence of each sample. PE denotes phycoerythrin.
(F) CD69 expression profiles in Jurkat cells treated with PMA for various lengths of time.
(G) Sorting CD69 and CD69 cells. Jurkat cells were either unstimulated or stimulated with 0.5 nM PMA (half-maximal dose) or 10 nM PMA
(maximal dose) for 3 hr. Jurkat cells were stained with anti-CD69 antibodies and were subjected to flow cytometry (top row). CD69 and
CD69 cells were then separated by using Macs Separation Columns and were subjected to flow cytometry (bottom row).
(H) JNK activities in unsorted and sorted Jurkat cells. Jurkat cells were treated with PMA. Equal numbers of cells from unsorted and sorted
Jurkats were lysed and analyzed for JNK activity by using GST-Jun as an in vitro substrate. Kinase reactions were separated on 12.5%
polyacrylamide gels and were transferred to PVDF membranes. In the top panel, an example of an autoradiogram is shown, and the mean 
SD of PhosphorImager quantitation of three independent experiments is shown in the bottom panel.
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cells could be magnetically sorted without affecting their seems obviously switch-like in character (e.g., activation
responses in T cells and maturation in Xenopus oocytes)CD69 status (Figure 4D). Non-PMA-treated cells yielded
only CD69 cells after sorting (Figure 4G, bottom row, and in cases in which any switch-like character of the
biology is less obvious (e.g., stress responses in HeLaleft panel), and the 10 nM PMA-treated cells yielded only
CD69 cells (Figure 4G, bottom row, right panel). Thus, and HEK 293 cells). If so, it would have important impli-
cations for the analysis and understanding of complexthe CD69 expression status of the cells appeared to be
unaffected by the sorting procedure. Cells treated with networks of signaling proteins; whenever subcircuits of
a network can be thought of as modular switches, it0.5 nM PMA sorted into two largely nonoverlapping pop-
ulations of CD69 and CD69 cells (Figure 4G, bottom enormously simplifies the network and improves the
likelihood that the network’s behavior can be intuitivelyrow, second and third panels).
We then assessed the JNK activities of equal numbers understood.
of sorted or unsorted cells. In the unsorted cells, JNK
activity was low in the untreated cells (Figure 4H, lane Supplementary Material
Supplementary Material including a more detailed description of the1), intermediate in the cells treated with 0.5 nM PMA
Experimental Procedures used in this study is available at http://(Figure 4H, lane 2; see also Figure 3 for comparison),
images.cellpress.com/supmat/supmatin.htm.and high in the cells treated with 10 nM PMA (Figure
4H, lane 3). The activity of the sorted, CD69, untreated
Acknowledgmentscells (Figure 4H, lane 4) was similar to that seen in the
unsorted, untreated cells (Figure 4H, lane 1), and the We thank A. Ullrich for providing GST-Jun plasmids, A. Arvin for
activity of the sorted, CD69, 10 nM PMA-treated cells generous help, R.J. Davis for reagents and encouragement, J.
was similar to that of the unsorted, 10 nM PMA-treated Crabtree and J. Cyster for helpful discussions, and members of the
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